The mammalian cerebral cortex is patterned into layers of neurons that share characteristic morphologies, physiological properties, and axonal connections. Neurons in the various layers are thought to acquire their lamina-specific identities shortly before the time of their final mitosis in the cortical ventricular zone. In order to investigate the molecular basis of laminar patterning in the CNS, we have performed in situ hybridization studies of the POU homeodomain gene SCIP (also known as Tst-1 or Ott-6), which is expressed in proliferating Schwann cells in the PNS and 02A progenitor cells in the developing CNS. In the CNS of adult rats, SCIP is expressed at high levels in the cerebral cortex, specifically in layer 5 pyramidal neurons that form subcortical axonal connections.
SCIP is both temporally and spatially regulated during cortical development.
Its initial expression in the intermediate zone and cortical plate is correlated with the early migration and differentiation of layer 5 neurons. SCIP hybridization was not, however, observed within the ventricular zone during the period of neurogenesis.
SCIP is also expressed at high levels in the neurons of cortical layer 2/3, during their migration and differentiation within the cortical plate. This expression in the upper layers is apparently downregulated during postnatal periods, with the adult pattern apparent by postnatal day 30 (P30). POU domain genes are thought to play a role in cell lineage and cell fate decisions in several systems; thus, SCIP may serve a function in generating discrete laminar phenotypes in the developing cerebral cortex. In addition, since SCIP is a putative repressor of myelin gene expression, our results suggest that SCIP plays a role in regulating transcription in differentiated CNS neurons as well as in proliferating glial precursors. [Key words: cerebral cortex, neurogenesis, homeodomain, migration, pattern formation, layers] Homeodomain proteins have recently been implicated in the patterning of the mammalian CNS. Studies of the hindbrain (reviewed in Lumsden and Keynes, 1989; Lumsden, 1990; Wilkinson and Krumlauf, 1990) which is segmentally organized into rhombomeres during development, suggest that the rhom- Received May 10, 1993; revised July 2 I, 1993; accepted July 26, 1993. We thank Ed Monuki and Greg Lemke for comments on the manuscript, for provtding the SCJP clone and Schwann cell mRNA, and for many helpful discussions. We also thank Irina Burstein for helo with plasmid wrens and Northern blots. and Chris Kaznowski for technical assistance and held with nhotoeraohv. This work was supported by NIH EY06342 to G.D.F., and 'NIH EY084i1, Pew Scholars, Searle Scholars, and a Clam Boothe Lute Professorship to S.K.M.
Correspondence should be addressed to Dr. Gretchen D. Frantz at the above address. Copyright 0 I994 Society for Neuroscience 0270-6474/94/ I40472-14$05,00/O bomeres are developmental compartments: they form domains ofregulatory gene expression (Wilkinson et al.. 1989; Wilkinson and Krumlauf, 1990 ) across which there is little cell mixing (Fraser et al., 1990) and transplantation experiments show that rhombomeres retain their original positional identity in novel positions (Guthrie and Lumsden, I99 1; Guthrie and Lumsden, 1992) . Elsewhere in the CNS are a wide variety of regions showing nonsegmental patterns of neurons; these may be assembled during development using distinct mechanisms. Within the forebrain, the cerebral cortex is highly organized into layers and areas. Sections through the thickness of the cortex reveal that neurons form a series of layers, each defined by the density and morphology of its constituent cells. Neurons within a layer tend to share characteristic physiological properties and axonal connections that are typical of that layer (Gilbert and Kelly, 1975; Gilbert, 1977; Gilbert and Wiesel, 1985; LeVay et al., 1987) . For example, in primary visual cortex, neurons in the superficial layers send long-distance axons to other cortical areas, whereas deep-layer cells generally project to subcortical targets (Gilbert and Kelly, 1975; Lund et al., 1975; Symonds and Rosenquist, 1984; McConnell and LeVay, 1986) . In addition, the cortex is broken up tangentially into functionally distinct areas, each subserving a specific function such as analyzing incoming sensory information or coordinating motor outputs. Each area is characterized by distinctive cytoarchitectonic features (Brodmann, 1909) and the axonal connections of neurons in different areas reflect their functional specificity, such that (for example) visual cortical neurons receive information from and relay feedback to the visual nucleus of the thalamus, whereas somatosensory neurons are reciprocally connected with somatosensory thalamic regions (Kreig, 1946) . In contrast to the hindbrain, neocortical areas probably do not arise using compartmental mechanisms during development. Boundaries between cortical areas do not appear to be strictly determined at early ages, since cell mixing can occur between areas (O' Rourke et al., 1992; Walsh and Cepko. 1992; Fishell et al., 1993) and cortical areas have a broad developmental potential as assessed in transplantation experiments O'Leary, 1989; O'Leary and Stanfield, 1989; Schlagger and O'Leary, 199 1) . No area-specific patterns of regulatory gene expression have yet been described (although it is certainly conceivable that such genes will be identified, and "nested" patterns of gene expression have been described in the cortex; Simeone et al., 1992a) . Thus, one may (arguably) view the neocortex as one large developmental compartment within the forebrain; differences among cortical areas appear to emerge later in development through a series of epigenetic interactions (reviewed in (McConnell, 1992; Shatz, 1992) .
Nevertheless, the neocortex as a whole appears to be distinct from adjacent forebrain regions relatively early in development: it expresses several potential regulatory genes including Emx 1 and Emx2 (Simeone et al., 1992b) , which are not expressed in the basal ganglia or piriform cortex. In a complementary manner, genes such as Dlx-1 and Dlx-2 are expressed in ventral forebrain including the developing basal ganglia, but not in neocortex (Porteus et al., 199 1; Price et al., 1991 Price et al., , 1992 . The apparent molecular boundary between neocortex and the developing striatum also appears to be a boundary that restricts cell movement: imaging studies of migrating ventricular cells show that cells that approach the ganglionic eminence (the striatal anlage) will not cross into this region (Fishell et al., 1993) .
Although cortical areas may not be determined early in development, several lines of evidence suggest that the mechanisms of laminar patterning will involve early phenotypic commitments and molecular differences among layers (Shatz, 1992) . First, transplantation studies show that the laminar identities of cortical neurons are determined early in development, during their final cell cycle just prior to mitosis (McConnell, 1988; McConnell and Kaznowski, 199 1) . Thus, committed premigratory cells are present within the cerebral ventricular zone. Second, migrating cortical neurons can "home" to the correct layer, actively recognizing their appropriate laminar address (McConnell, 1988; McConnell and Kaznowski, 199 1) . Furthermore, the intrinsic axons of cortical neurons innervate specific layers from the outset of their development (Katz, 199 l) , and neurons in cortical explants make lamina-specific choices of what are normally their long-distance targets in cocultures (Bolz et al., 1990; Yamamoto et al., 1992) . Thus, the migration, axonal pathfinding, and target selection ofneurons in the different layers are strikingly distinct from the earliest times studied, which implies that there are early molecular distinctions between layers.
A few studies have provided preliminary evidence for molecular correlates of laminar differences. In particular, Rosenfeld and colleagues have identified a family of POU homeodomain genes that are expressed in the mammalian CNS, a subset of which are expressed preferentially in the upper or deep layers of the cortex (He et al., 1989) . POU genes are known transcriptional regulators that contain both a homeodomain and a POUspecific domain (Herr et al., 1988; Rosenfeld, 1991; SchBler, 199 l) , and have been directly implicated in cell fate decisions in the nematode worm Caenorhabditis elegans and in the mammalian pituitary (Bodner et al., 1988; Ingraham et al., 1988; Li et al., 1990; Pfaffle et al., 1992) . One of these genes, variously known as Tst-1 (He et al., 1989) , SCIP (Monuki et al., 1989) or Ott-6 (Suzuki et al., 1990 ) was reported by He et al. (1989) to be expressed specifically in the deep cortical layers 5 and 6 in adulthood, and in the progenitors of these cells during development.
SCIP is known to be expressed in glial cells in the PNS (Monuki et al., 1989 (Monuki et al., , 1990 and CNS . Evidence from studies of transfected cells in culture suggests that SCIP acts as a negative regulator of myelin gene expression (Monuki et al., 1990 (Monuki et al., , 1993 ; thus, it has been hypothesized that SCIP is involved in the maintenance of Schwann cell proliferation (Monuki et al., 1989 (Monuki et al., , 1990 . The presence of SCIP/Tst-I mRNA in the CNS (He et al., 1989) , the suggestion that its expression may be layer specific, and the possibility that it might be expressed in mature neurons prompted us to characterize its spatial patterns of expression in the developing and adult cerebral cortex. 
Materials and Methods
Animals. Timed-pregnant Long-Evans rats (Simonsen) were used for the developmental studies. The morning after breeding (the day a vaginal plug was detected) was considered embryonic day 0 (EO). A total of 10 pregnant females received injections of 'H-thymidine; of their offspring, 2 1 were included in the birthdating studies (Table 1) . Three adult female rats were used for the Fluorogold retrograde tracing studies. A total of 29 developing and adult rats were used for in situ hybridization experiments, at the following ages: E 13 (n = 4 rats), E 15 (n = 3) El 6 (n = 2), El7 (n = I), El8 (n = l), E20 (n = 4), P2 (n = I), P3 (n = 2), P6 (n = l), PI0 (n = l), PI4 (n = 2), P17 (n = l), P21 (n = I), P30 (n = I), P40 (n = l), and adult (n = 3). Preparation of RNA and Northern blots. Adult brains were dissected to separate cerebral cortical and hippocampal tissue, which were then frozen on dry ice. PolyA+ mRNA was prepared from each tissue sample separately using Micro-Fast Track kits (Invitrogen). RNA was denatured on 1% agarose, 2.2 M formaldehyde gels, transferred to positively charged nylon membranes, and hybridized with random primed '2P-labeled probes (Sambrook et al., 1989) representing a 900 base pair region of the 3' untranslated region of SCIP. Hybridization was carried out in 6 x saline-sodium citrate (SSC) with 50% formamide, 0.5% SDS, 5 x Denhardt's solution, and 0.2 mg/ml herring sperm DNA at 42°C for 36 hr, and high-stringency washes were done in 0.4 x SSC with 0.5% SDS at 65°C for 30 min.
'H-fhymidine injections. Timed-pregnant rats received a single intraperitoneal injection of 'H-thymidine (10 &i/gm body weight; New England Nuclear NET-027Z) on each of the following days: El4 (one rat), E 15 (two rats), E 16 (four rats), Et 7 (one rat), El 8 (one rat), and E I9 (one rat). One litter of fetuses injected with 'H-thymidine on E 16 was fixed by immersion in 4% paraformaldehyde in 0.1 M sodium phosphate buffer on E17, and a similar litter was fixed by immersion on E20. The remaining litters were allowed to deliver normally, and pups were perfused after a variety of survival times that are summarized in Table 1 .
Perfusions and histology. Animals were anesthetized with an overdose of Nembutal (2 100 mg/kg body weight, i.p.). For in situ hybridization studies, whole embryos or brains were dissected out, immediately placed in OCT embedding compound, frozen on dry ice, and stored at -70°C until use. Cryostat sections (15 pm) were collected onto polylysinecoated slides, postfixed in 4% paraformaldehyde at pH 7.0, rinsed in PBS, dehydrated, and stored at -70°C. For 3H-thymidine autoradiography, anesthetized animals were perfused transcardially with 0.1 M sodium phosphate buffer followed by 4% paraformaldehyde in the same buffer. Brains were dissected out, sunk in fixative containing 20% su- Figure 1 . In situ hybridization for SCIP mRNA in the adult rat brain. This is a dark-field view of a parasagittal section counterstained with cresyl violet; anterior is to the left. Strong hybridization is present within the cerebral cortex (delineated by arrowheads), subiculum, CA1 region of the hippocampus (H), striatum (s), and superior colliculus (SC), but is absent from most regions of the thalamus (T/z) and white matter (wm). Scale bar, 1 mm. crose, and embedded in a mixture ofgelatin and albumin. Sections were cut at 20 pm on a freezing microtome, collected in fixative, mounted onto subbed slides, air dried, and dehydrated in a series of alcohols and xylenes. The sections were then dipped in 2% gelatin, dried, and then coated with Kodak NTB2 nuclear track emulsion. After 4-7 weeks in the dark at 4°C the sections were developed with Kodak D-19, fixed with Kodak Rapid Fix, and counterstained with cresyl violet. Cells that were heavily labeled with 'H-thymidine could be identified by the dense accumulation of silver grains overlying the cell nucleus. A labeled cell is defined as one that has at least half the maximal number of silver grains found over the most heavily labeled cells in that section; however, heavily labeled cells were readily distinguished from light-labeled and unlabeled cells by simple inspection. Quantitative analysis of the positions of ZH-thymidine-labeled neurons was performed by making camera lucida drawings of selected autoradiographs. The laminar positions of at least 300 heavily labeled neurons located in anterior occipital cortex of an adult animal were assessed for each age of injection.
In situ hybridization. SCIP sense and antisense riboprobes were transcribed from clone 046-2A in pBluescript [representing I.5 kilobases (kb) of the 3' untranslated region of the SCIP mRNA1. Linearization with Xbal and transcription with T7 polymerase produced antisense transcripts. Sense transcripts were synthesized from XhoI digested plasmid incubated with T3 polymerase. The in situ hybridization protocol was based on that of Simmons et al. (1989) with the modifications described below. Tissue pretreatments consisted of proteinase K digestions (3.7 &ml), followed by acetylation. Following overnight hybridization at 60°C sections were treated with ribonuclease A (5 &ml) at 37°C. Sections were then treated with a high-stringency wash in 0.1 x SSC at 60°C. Slides were processed for autoradiography as above (but were not dipped in gelatin), and were exposed for 3 weeks before developing. Sense control probes revealed no hybridization above background (not shown).
Fluorogold retrograde tracing studies. Rats were deeply anesthetized with Nembutal (55 mg/kg, i.p.) and atropine (0.04 mg/kg, s.c.) and placed in a stereotaxic apparatus. To visualize callosally projecting neurons, four to eight injections of Fluorogold (5-7% in saline, 0.4-0.7 @I/ injection) were made into medial and/or lateral regions of the contralateral cortex, at depths of 1.5-2.0 mm from the cortical surface. To label retrogradely subcortically projecting layer 5 neurons, seven injections of Fluorogold solution (0.4 PI each) were made at I mm intervals along a single puncture track extending from the superior colliculus to the pons. Animals were perfused with 4% paraformaldehyde at pH 9.5, or with the same fixative at pH 6.5 followed by fixative at pH 9.5, after a 6-14 d survival period. The brains were removed and stored either overnight at 4°C in 4% paraformaldehyde containing 10% sucrose, or for 2 hr at 4°C in PBS with 10% sucrose. Brains were sectioned on a cryostat at 20 pm, mounted on polylysine-coated slides, and desiccated in a vacuum overnight. Sections were then processed for fn situ hybridization using methods similar to those described by Cunningham et al. (1991) . Tissue pretreatments consisted of incubation in 1 rglml proteinase K for 30 min, followed by two washes in 2x SSC and dehydration. Overnight hybridizations at 60°C were followed by 30 min incubations in 2.5 pg/ml of ribonuclease A (2.5 &ml) at 37°C. Highstringency washes in 0.1 x SSC were performed for 30 min at 50 or 60°C; none of the washes contained dithiothreitol in order to minimize loss of the Fluorogold label. To determine the fraction of Fluorogoldlabeled cells that were also positive for SCIP expression, we first located regions of the cortex in which a clean SCIP hybridization signal could be distinguished. Next all Fluorogold-labeled neurons in that region were identified and counted, and finally each cell was observed both with fluorescent illumination and in bright-field to determine whether individual cells were double labeled.
Photography and imaging. Selected sections were photographed using a Nikon UFX camera system for low-power color photomicrographs. For black and white figures, images were captured through an MT1 CCD camera and processed on a Macintosh Quadra computer using Adobe PHOTOSHOP.
Images showing SCIP expression within the developing cerebral wall (see or adult cortex (Fig. 3) were taken from sagittal sections in regions overlying the hippocampus, typically representing anterior occipital cortex.
Results
In the PNS, SCIP is expressed in proliferating Schwann cells and may act to regulate the expression of myelin genes such as PO (Monuki et al., 1989 (Monuki et al., , 1990 He et al., 1991) . We were therefore curious to know first whether SCIP expression in the CNS is glial in origin or whether neurons express SCIP. Second, we wondered whether the patterns of SCIP expression might suggest a role for this gene in patterning the layers of the cerebral cortex (He et al., 1989) .
SCIP expression in adult cerebral cortex
The pattern of SCIP expression was first characterized by in situ hybridization using a probe to the 3' untranslated region of SCIP on adult rat brain. Figure 1 reveals that the SCIP probe hybridizes to a variety of brain regions, including the cerebral cortex, the CA 1 area of the hippocampus, subiculum, and striaturn, and, in sections not pictured, also to the tenia tecta and indusium griseum. In general, the distribution of SCIP-expressing cells in this study matches closely that described for the POU gene Tst-1 (see Table 1 in He et al., 1989) which is identical to SCIP (He et al., 1989; Monuki et al., 1989; Rosenfeld, 199 1; Schiiler, 199 1). We did not, however, observe SCIP expression in granule cells of the cerebellum either in adulthood or during development, as was reported by He et al. (1989) .
Within the cerebral cortex, cells that express SCIP at high levels form a discrete band that corresponds to cortical layer 5 (Fig. 2) . No hybridization above background is observed over cells of cortical layer 6. This stands in contrast to the findings of He et al. (1989) who reported a significant level of Tst-1 expression over layer 6 as well as layer 5. We also observed a low level of SCIP expression in layers 2 and 3, albeit much reduced compared to layer 5: the labeling over single cell bodies, as assessed by counting the number of silver grains over each cell, is roughly sixfold higher in layer 5 than layer 2/3 (Fig. 3) .
Layer 5 cells that express SCIP have very large, pale nuclei that resemble those of large pyramidal neurons (Fig. 38) . To ascertain directly whether SCIP-expressing cells are indeed neurons, and whether they form a single class of axonal projections, we retrogradely labeled layer 5 neurons from their long-distance axonal targets. Layer 5 neurons fall into two general categories, based on their projection patterns: the first, composed of large pyramids that tend to occupy the upper two-thirds of layer 5, send axons to subcortical targets that include the pons, superior colliculus, and spinal cord; the second, which tend to be somewhat smaller in size, are intracortical projection neurons that send axons to local cortical targets and across the corpus callosum (Koester and O'Leary, 1992) . To establish whether cells that express SCIP extend an axon to subcortical or cortical targets, we injected the retrograde tracer Fluorogold into either subcortical (midbrain and brainstem) structures or into the contralateral cortical hemisphere. Midbrain/brainstem injections included the pons, descending pyramidal tract, and superior colliculus. Layer 5 neurons were retrogradely labeled following both types of injections, and contralateral cortical injections resulted in the labeling of neurons in layers besides layer 5, as expected. Fluorogold-labeled sections were then processed for in situ hybridization, and the fraction of Fluorogold-labeled neurons within layer 5 that showed hybridization with the SCIP probe was determined. When layer 5 neurons were retrogradely labeled from subcortical injections, 64.4% of Fluorogold-labeled cells (n = 3 17) also expressed SCIP at high levels (Fig. 4) . This In situ hybridization for SCIP mRNA in the adult rat cerebral cortex. SCIP is expressed at high levels within cortical layer 5, and at levels above background in layer 2/3. wm, white matter. Scale bar, 100 pm.
result shows definitively that SCIP-expressing cells in the cortex are indeed neurons. We then examined whether SCIP-expressing neurons form a distinct subset of layer 5 cells by assessing the fraction of callosal projection neurons in layer 5 that express SCIP. Within posterior (sensory) regions of cortex, which we define here as locations caudal to bregma (Paxinos and Watson, 1986) , extremely few Fluorogold-labeled neurons showed hybridization. Only 4.7% of layer 5 neurons that were retrogradely labeled from the contralateral cerebral cortex (n = 361) hybridized with the SCIP probe. These results suggest that SCIP is expressed preferentially in those neurons within layer 5 that form a subcortical but not a callosal axonal projection. However, in very anterior cortical regions (rostra1 to bregma) corresponding to the frontal cortex, differences in SCIP expression between the two projection types were not so marked: here 32.9% of callosally projecting layer 5 cells (n = 89) expressed SCIP. In these anterior regions, most of the double-labeled callosal neurons were located within the bottom half of layer 5.
No SCIP hybridization was observed over the small, dense nuclei of glial cells in the adult cerebral cortex (Fig. 3) , nor was SCIP expressed in white matter regions that are composed predominantly of oligodendrocytes and fibrous astroglia (Fig. 1) . Thus, in contrast to the glial expression of SCIP in proliferating cells in culture (Monuki et al., 1989 (Monuki et al., , 1990 Collarini et al., 1992) , SCIP is expressed by differentiated neurons in the adult cerebral cortex. Furthermore, the hybridization we observed was asso-of SCIP Expression i n Developing Cerebral Cortex Figure 3 . High-power view using bright-field optics of SCIP hybridization in cortical layer 2/3 (A) and layer 5 (B). In both cases, SCIP hybridization is apparent over large, pale neuronal nuclei, but is not present above background over the small, dense nuclei of glial cells. Levels of SCIP expression, as assessed by counting the number of silver grains over each cell, are roughly sixfold higher in layer 5 (on average, 60 grains/cell) than in layer 213 (average of 10 grains/cell). Scale bar, 10 pm.
ciated with distinct cell types, particularly (but not exclusively) with the large subcortical projection neurons of cortical layer 5.
Birthdates of neurons in the developing cortical layers In order to compare patterns of SCIP expression with the birth and migration of cells that express SCIP in adulthood, the times at which neurons in the different layers are generated were determined by injecting pregnant rats with 3H-thymidine. This technique marks the birthdays of neurons generated on specific B, Most retrogradely labeled neurons also express SCIP at high levels:
bright-field illumination ofthe same two neurons (arrows) reveals strong SCIP hybridization over their cell bodies. In total, about 65% of subcortically projecting neurons retrogradely labeled with Pluorogold also showed SCIP hybridization. Scale bar, 10 pm.
days in development. The results, summarized in Figure 5 , are similar to those obtained in other thymidine birthdating studies of rat neocortex (Berry and Rogers, 1965; Hicks and D'Amato, 1968; Miller, 1985) and reveal the well-known inside-first, outside-last gradient of neurogenesis found in the cerebral cortex of all mammals that have been studied (Angevine and Sidman, 196 1; Berry and Rogers, 1965; Rakic, 1974; Luskin and Shatz, 1985a) . Layer 5 neurons, which express SCIP at high levels in adulthood, begin to be generated in significant numbers on around El 5 and reach a peak at El 6 (Fig. 5) . Neurons of layer 2/3, which also express SCIP but at much lower levels in adult animals, are generated primarily on E 18 and E 19. The histograms shown in Figure 5 were obtained from regions of anterior occipital cortex, immediately overlying the hippocampus. Because % of 3H-thymidine labeled cells Figure 5 . Birthdates of neurons in the different layers of the rat cerebral cortex. Embryonic rats were labeled with a single injection of 'H-thymidine on the day indicated at the top of each graph and then survived to adulthood, when autoradiography was used to determine the final positions of heavily labeled neurons generated on the day of labeling. Each histogram plots the fraction of cells labeled with 3H-thymidine as a function of their laminar position. As shown in previous studies of rodent neurogenesis (Angevine and Sidman, 196 1; Berry and Rogers, 1965; Hicks and D'Amato, 1968; Miller, 1985) , there is an overall inside-first, outside-last gradient of development. (Note that our injections began too late in embryogenesis to capture the earliest-developing preplate neurons that will reside both in layer 1 and in the subplate (sp) (Luskin and Shatz, 1985b; Bayer and Altman. 1990 ). The numbers of cells included in each histogram are as follows: E14, n = 323; E15, n = 368; E16, n = 305; E17, n = 357; E18, n = 517; E19, n= 353.
of the known rostrocaudal and mediolateral gradients of cortical histogenesis, regions rostra1 and lateral to this site exhibit slightly more advanced development, whereas the converse holds true in more caudal and medial cortical regions.
Regulation of SCIP expression during cerebral cortical development The developing cerebral cortex was examined by in situ hybridization to assess the temporal and spatial patterns of SCIP expression at a variety of ages, beginning at E 13. We then correlated these dynamic patterns with the birth and subsequent development of specific cortical layers, as revealed by experiments in which these neurons have been tagged on their birthday with 3H-thymidine. The in situ hybridization studies reveal a pattern of SCIP expression that is correlated with the birth, migration, and subsequent differentiation of neurons of cortical layers 5 and 2/3. E13. At El 3, SCIP hybridization is associated with the preplate of the anteriormost portion of the cerebral wall (Fig. 6A,B) . Within presumptive sensory regions of cortex, no SCIP expression is observed, and there is no detectable expression in the ventricular zone at any location. In the developing striatum, SCIP expression is localized to the subventricular zone of the ganglionic eminence, but is not associated with the ventricular layer of this region. SCIP is clearly detectable in the olfactory bulb and spinal cord as well (not shown).
El 5. The pattern of SCIP expression at E 15 is similar to that at E 13, and hybridization is particularly obvious in the anterior preplate, olfactory bulb, and the subventricular zone of the ganglionic eminence (Fig. 6C,D) . The preplate of more caudal sensory cortex also shows hybridization. Note the absence of SCIP expression in the ventricular zone, even though at this age many of the first neurons of cortical layer 5 are being generated (Fig.  5) .
E16. At El6 SCIP hybridization is observed in the subventricular zone and intermediate zone of the cerebral wall, albeit at low levels (Fig. 7A ). This pattern is apparent throughout the rostrocaudal extent of cortex. There is no detectable expression in the cortical plate or in the ventricular zone. The latter is of particular note since E 16 represents the peak period of genesis of layer 5 neurons. The expression of SCIP in the intermediate zone at E 16 appears to correlate with the migration of the first layer 5 neurons, born on E14-El5 (Fig. 5) , out into the intermediate zone toward the cortical plate. Thus, the onset of SCIP expression within the lower part of the cerebral wall is correlated temporally and spatially with the migration of layer 5 neurons, but not with their genesis.
E17. The levels of SCIP expression are now quite strong in the subventricular and intermediate zones of E 17 fetuses, but the cortical plate shows very little hybridization (Figs. 6E,F,  7B ). Comparison of SCIP hybridization in the El 7 intermediate zone ( Fig. 7B) with the migration of thymidine-labeled neurons generated on E 16 (Fig. 7C) shows a close spatial match: the area of SCIP expression corresponds closely to the area in which thymidine-labeled cells, the majority of which are destined for layer 5, are migrating within the intermediate zone. Note again in Figures 6F and 7B the absence of SCIP expression in the ventricular zone at the base of the cerebral wall.
E18. The subventricular and intermediate zones continue to show high levels of SCIP expression (Fig. 6G,H) . By E18, cells in the outer half of the cortical plate also express SCIP, while those cells in the deeper half of the cortical plate do not show hybridization above background levels. We believe that the unlabeled, lower half of the cortical plate corresponds to cortical layer 6. On El 8, the onset of upper-layer neurogenesis has begun (Fig. 5) yet the cortical ventricular zone shows no detectable SCIP expression. E20. On E20, SCIP expression in the subventricular zone has weakened, but a clear band of SCIP-expressing cells is visible in the intermediate zone (Figs. 6Z,J, 70) . A band of cells within the cortical plate express SCIP at high levels, but again there is little or no expression in the lower half of the cortical plate.
Comparison of the pattern of SCIP expression with the positions of thymidine-labeled neurons reveals that cells tagged with 'Hthymidine on El6 (most of which are layer 5 neurons) have reached the cortical plate where they occupy its upper half (Fig.  7E) . Their position overlaps precisely with the region of abundant SCIP hybridization (Fig. 70) . The band of SCIP signal in the intermediate zone probably correlates with the migrating wave of upper-layer neurons, first generated on E 18, which take Hybridization is also present in the subventricular zone of the ganglionic eminence (the anlage of the striatum), and in the olfactory bulb and spinal cord (not shown). C and D, E 15: SCIP hybridization is apparent within the preplate of the cerebral wall (demarcated by arrowheads), within the olfactory bulb (to the left of the lefzmost arrowhead), and within the subventricular zone of the ventral lobe of the ganglionic eminence (GE). There is no detectable SCIP expression within the cerebral ventricular zone (arrow) . E and F, El 7: Within roughly 4-5 d to reach their final destination within the cortical top half of the cortical plate in a bilaminar pattern (Fig. 8,4 ), plate (Berry and Rogers, 1965; Hicks and D'Amato, 1968 ; see whereas hybridization in the intermediate and subventricular also below). zones is weak. Thymidine studies reveal that most of the neu-P2. In early postnatal rats, SCIP expression is present in the rons generated on El6 are now located in roughly the middle CTX the cerebral cortex, SCIP mRNA is strongly expressed within the intermediate zone and subventricular zone but not within the ventricular zone (arrow). G and H, E18: SCIP hybridization is present within the outer cortical plate (CL'), the intermediate zone, and subventricular zone, but not the ventricular zone (arrow). I and J, E20: within the cortex, the expression of SCIP mRNA is strongest is the cortical plate but is also detectable within a band in the intermediate zone (arrowhead). The ventricular zone (arrow) is devoid of hybridization above background. K and L, P14: SCIP expression forms a bilaminar pattern within the cerebral cortex (CTX), but is absent from the white matter ( WM). Strong expression is also observed within the CA1 region of the hippocampus (H) and more weakly within the striatum (s). Scale bars: E, 0.5 mm for A-H, I, 0.5 mm for land&K, I mmforKandL.
of the cortical plate (Fig. SB) , and many cells in layer 5, which hybridization; this is particularly marked in more lateral and is now distinguishable histologically, are thymidine labeled. The anterior regions of cortex (not shown). Hybridization is intense lower zone of intense SCIP hybridization is aligned with cortical at the top of the cortical plate (Fig. 8A) ; Figure 8C shows that layer 5. There appears to be a region immediately above layer neurons of cortical layer 2/3, tagged with 3H-thymidine on E 19, 5 but below the top of the cortical plate in which there is reduced have just begun to arrive in this region at P2, and that many : strong SCIP hybridization is observed over the cortical plate in a weakly bilaminar pattern (A). Note that, in contrast to embryonic animals, SCIP is also expressed within the ventricular zone at this age. Cells labeled with 'H-thymidine on El 6 are present in their final positions within the deep layers (B), including layer 5, which is now histologically identifiable. Cells labeled with 'H-thymidine on E19, however, are still migrating through the intermediate zone (C), which shows low levels of SCIP hybridization at this aae. D-F, PIO: SCIP expression is strongly bilaminar within the cortical plate (D). Intense hybridization is found over cortical layers 21 3 and 5, at roughly comparable levels. 'H-thymidine labeling studies reveal that cells labeled on El 6 (E) and El9 (F) have reached their final positions within cortical layers 5 and 2/3, respectively. G-l, PI 7: SCIP expression is bilaminar but the levels of expression in layer 2/3 have begun to decrease(C). Cells labeled with 3H-thymidine on El 6 (H) and El9 (I) are in their final positions within cortical layers 5 and 2/3. Scale bar, 100 pm. labeled cells are visible in lower regions, presumably migrating en route to their final destination (Fig. 8C) . Interestingly, at P2 SCIP is also expressed within the ventricular zone, even though it was absent from this region at embryonic ages (Fig. 8A) . P6-P14. In the second postnatal week, the pattern of SCIP expression is strongly bilaminar, and the absolute levels ofsignal appear to have increased (PlO, Fig. 80; P14, Fig. 6K,L) . At these ages, the cortical layers are histologically distinct, and it is apparent that the regions of SCIP hybridization correspond to cortical layers 5 and 213. Grain counts reveal that cells in these two layers show roughly comparable levels of hybridization (as determined by counting the number of grains per cell). There is no detectable SCIP expression in the ventricular, subventricular, or intermediate zones of the cerebral wall from P6 onward. Comparison of the regions showing SCIP hybridization at P 10 shows a good alignment with the positions of thymidinelabeled neurons in cortical layer 5 (E16, Fig. 8E ) and layer 2/3 (E19, Fig. 8F ). Upper-layer neurons have completed their migration at this age.
PI 7-P21. Decreased levels of SCIP expression are now apparent in the upper cortical plate (Fig. 8G) ; grain counts show that by P17, cells in layer 5 express SCIP at roughly twofold greater levels than do cells in the superficial layers. We cannot determine directly whether SCIP is downregulated by layer 2/ 3 neurons, or whether SCIP-expressing cells in this layer are culled selectively by cell death. However, the strong and diffuse hybridization patterns observed at earlier stages suggest that differential cell death cannot completely account for the loss of SCIP signal in layer 2/3.
P3GP40.
By the end of the first postnatal month, the adult pattern of SCIP expression has been achieved (not shown). Strong hybridization is confined to neurons in cortical layer 5, and a weaker signal (roughly sixfold less) is visible in layer 2/3.
Northern blot analysis of SCIP mRNA A single prominent species of SCIP mRNA is observed in Northern blots of adult cerebral cortex (Fig. 9) . The predominant band has a size ofroughly 3.3 kb; a transcript ofcomparable size is also present in the hippocampus. A SCIP transcript of similar size has been observed to be expressed by proliferating Schwann cell precursors in vitro (Monuki et al., 1989 ).
Discussion
Here we have shown that the POU homeodomain gene SCIP (also known as Tst-1 and Ott-6) is expressed preferentially in layer 5 pyramidal neurons in the adult rat cerebral cortex, and primarily in those neurons that form subcortical axonal projections. During development, SCIP is also transiently expressed in the upper cortical layers 2 and 3. These findings stand in contrast to those of He et al. (1989) , who reported that Tst-1 (identical to SCIP) is expressed in cortical layers 5 and 6 of both developing and adult animals. We have also found that the SCIP gene is initially expressed in cells in the intermediate zone but is absent from the ventricular zone, suggesting that cells that express SCIP begin to do so following their final mitotic division and initiation of migration toward the cortical plate. The timing of onset of SCIP expression within the cerebral wall correlates with the onset of layer 5 neurogenesis. While we could not ascertain whether SCIP is expressed transiently in glial cell progenitors as well as neurons during development, SCIP expression in the adult cortex appears to be entirely neuronal in origin. Thus, we have found a striking difference between peripheral and central patterns of expression of the SCIP gene: in the PNS, SCIP is expressed by proliferating Schwann cell precursors (Monuki et al., 1989 (Monuki et al., , 1990 , whereas in the CNS the expression of SCIP correlates primarily with the differentiation of postmitotic neurons.
Developmental regulation of SUP
The initial expression of SCIP within the developing cerebral cortex correlates both temporally and spatially with the initiation of migration by the neurons of cortical layer 5. These neurons are initially generated in substantial numbers on El 5 with a peak of neurogenesis on El 6 (Fig. 5 ). Prior to El 5, no detectable SCIP hybridization is observed within the developing cerebral wall, with the exception that SCIP is expressed within the preplate of the anteriormost regions of cortex. By E16, a day after the first layer 5 neurons have been generated, SCIP expression appears throughout the rostrocaudal extent of the cortex within the intermediate zone, a region that contains migrating neurons, radial glial fibers, and developing axons. In contrast to a previous report (He et al., 1989) , we did not observe SCIP hybridization within the ventricular zone at any time during the period of neurogenesis. Although we have not shown directly that migrating neurons are the cells responsible for the patterns of SCIP hybridization in the intermediate zone, our results are consistent with the interpretation that SCIP is initially expressed at relatively low levels by layer 5 neurons as they migrate toward the cortical plate, following their terminal mitotic division. SCIP expression is observed within the cortical plate at a time and in a pattern that correlates precisely with the arrival oflayer 5 neurons in their final positions. The intensity of SCIP hybridization increased over time, concomitant with the continued differentiation of these neurons. At later ages in embryonic development, it was still possible to observe levels of SCIP expression above background within the intermediate zone, well after the completion of layer 5 neuronal migration. We believe that these later patterns may reflect the expression of SCIP by migrating layer 2/3 neurons, which are generated between E 18 and E20 (Fig. 5; Berry and Rogers, 1965) and migrate into the cortical plate late in embryogenesis and early postnatal life.
Comparison of SCIP expression with the positions of cells labeled with 'H-thymidine on El9 reveals, for example, that on P2 many presumptive layer 2/3 neurons are still migrating within the intermediate zone, and that SCIP is expressed in this region. Tst-1 /SCIP expression was also noted by He et al. (1989) within this zone in neonatal rats.
Cells in the upper layers of the cerebral cortex express SCIP at levels comparable to those in layer 5 neurons for the first 2 postnatal weeks, but this expression is transient. By PI7 the levels have begun to decrease, and by P30 the adult pattern (with roughly sixfold greater expression within layer 5 compared to layer 2/3) has been reached. We believe that most if not all of the decrease in SCIP signal within layer 213 is due to the downregulation of SCIP expression rather than the selective elimination of SCIP-expressing cells. First, at PlO and P14, SCIP expression appears to be ubiquitous within layer 2/3; however, estimates of the extent of cell death within layer 2/3 in the hamster indicate that there is only a small amount of cell death in this layer throughout most regions of cortex (Finlay, 1992) . Second, very low levels of SCIP hybridization are observed in adult upper-layer neurons, showing that at least some SCIP-expressing neurons can survive the period of cell death. Thus, cell death cannot account completely for the loss of SCIP expression in the upper layers. We do not know either the cause or the functional significance of this downregulation.
Neuronul ver.ws glial e,ypression qf SCIP in developing cortex Previous studies have revealed that SCIP is expressed at high levels in the PNS by proliferating Schwann cell progenitors (Monuki et al., 1989 (Monuki et al., , 1990 and that the targets of transcriptional regulation may include myelin genes such as P,, (Monuki et al., 1990 (Monuki et al., , 1993 . Thus, it has been hypothesized that the function of SCIP in the PNS is to maintain the proliferative state and repress the differentiation ofschwann cells (Monuki et al., 1989 (Monuki et al., , 1990 . We were surprised to find that in the CNS, SCIP is expressed at times and in places that correlate with the differentiation of neurons. Indeed, SCIP expression was not detectable in the cerebral ventricular zone, the primary region in which neuronal precursor cells proliferate, but was instead observed first in the subventricular and intermediate zones, regions occupied by migrating postmitotic neurons. Thus, in contrast to its putative role in maintaining the proliferative state in the PNS, SCIP expression in CNS neurons correlated temporally and spatially with the cessation ofcell division and the initiation of migration and differentiation.
Interestingly, however, we observed faint SCIP expression in the ventricular zone of P2 animals at times after the period of neurogcnesis has ended, but during the time of genesis of glial cells (Richardson et al., 1990) . SCIP mRNA is expressed at low levels in vitro by proliferating 02A progenitor cells which are capable of generating both oligodendrocytes and astroglia, and are present in the developing cerebral cortex (reviewed in Richardson et al., 1990 ). This expression is downregulated when 02A cells are stimulated to differentiate into either oligodendrocytes or astrocytes. Thus, our finding that SCIP hybridization is absent from mature glial cells within the cortex and white matter is consistent with previous studies indicating that the SCIP is expressed by proliferating glial cell precursors, but not by differentiated glia, in both the CNS and PNS (Monuki et al., 1989 (Monuki et al., , 1990 Collarini et al., 1992) . The interesting possibility is raised that SCIP expression we have observed in the postnatal ventricular zone may be associated with the onset of gliogenesis. Studies in rat have suggested, however, that 02A progenitor cells (marked with an antibody to the ganglioside GD3, or by in situ hybridization for the platelet-derived growth factor+ receptor) are first produced within the subventricular zone in small numbers between E I6 and E 18 in the rat cortex, and subsequently move into the intermediate zone and possibly the cortical plate at around birth and during early postnatal periods (Levine and Goldman, 1988; Hardy and Reynolds, 1991; Pringle et al., 1992) . These results are consistent with the possibility that at least some of the expression of SCIP mRNA that we observed in the subventricular and intermediate zones at pre-and postnatal ages may have been associated with the proliferation of glial cell progenitors (but does not account for the expression of SCIP in the P2 ventricular zone). We were unable to determine directly whether the expression of SCIP observed at prenatal ages is entirely neuronal in origin, or whether at least some of this expression may have been associated with the proliferation of 02A progenitor cells in the subventricular and intermediate zones.
,4xonal projections qf SCIP-e,Ypressing neurons Within most regions of the adult cerebral cortex, SCIP expression was confined almost entirely to those neurons in layer 5 that form subcortical axonal projections. When layer 5 neurons projecting to the midbrain or across the corpus callosum were retrogradely labeled with Fluorogold and then processed for in situ hybridization, roughly two-thirds of the subcortical projection neurons also expressed SCIP, whereas only about 5% of callosally projecting neurons did so. This is particularly interesting since it has been shown that these two classes ofprojection neurons are distinct throughout development: subcortical projection neurons appear never to extend axons to cortical targets, and vice versa (O'Leary and Stanfield, 1985) . Thus, the expression of SCIP in one subtype of layer 5 neuron may play a role in determining the difference between these two cell types. It seems unlikely, however, that SCIP expression alone is a sufficient determinant of the subcortical projection phenotype. First, we do not know whether the expression of SCIP within layer 5 during development is confined to subcortical projection neurons; it remains possible that this gene is transiently expressed in cortical projection cells as well. Second, SCIP is transiently expressed in the upper layers, in neurons that presumably form cortical projections. Finally, in more rostra1 (frontal) regions of cortex, the correlation between SCIP expression and projection pattern is less strong since in frontal cortex a much larger fraction (about 33%) of neurons with callosal axons also express SCIP. While these results do not rule out a possible role for SCIP in the determination of axonal phenotype in the cerebral of SCIP Expression i n Developing Cerebral Cortex cortex, they do suggest that SCIP cannot serve as the sole determinant of a neuron's axonal projection pattern.
SCIP and the laminar patterning sf cerebral cortex Several sets of experiments have suggested that, in contrast to the formation of cortical areas, laminar differences among cortical neurons are determined early in development. Studies in which presumptive deep-layer neurons are transplanted into older host brains have revealed that the laminar identities of cortical neurons are determined during their final cell cycle, just prior to mitosis (McConnell, 1988;  McConnell and Kaznowski, I99 1). These experiments have also shown that, once committed, a migrating cortical neuron can "home" to its correct layer, suggesting that these cells can actively recognize their appropriate laminar address (McConnell, 1988; McConnell and Kaznowski, I99 I) . Studies of the normal development of axon collaterals from upper-layer cortical neurons have shown that local axons form in an appropriate, layer-specific manner from the outset during development (Katz, I99 I). Finally, in cocultures that consist of small pieces of cortex and a variety of possible targets, neurons extend axons toward targets in a manner that preserves and reflects their normal laminar identities (Bolz et al., 1990; Yamamoto et al., 1992) . Collectively, these findings imply that there must be molecular distinctions between the layers that are present at early times in development, at least during the periods of neurogenesis, migration, and axon outgrowth.
The finding that SCIP is expressed in lamina-specific patterns in both the adult and developing cortex raises the possibility that SCIP plays some role in creating laminar differences among cortical neurons. This is a particularly interesting possibility since POU homeodomain genes have been implicated in the regulation ofcell fates in C. elegans (uric-86; Finney et al., 1988) and in the mammalian pituitary (Pit-l: Ingraham et al., 1988; Li et al., 1990; Pfaffle et al., 1992) . Expression of SCIP at high levels in adult cortex is confined to neurons within cortical layer 5; however, SCIP is transiently expressed at equally high levels during development in layer 213 (a single layer, despite its name, as defined by the projection patterns of its constituent neurons). This implies that SCIP expression alone is unlikely to be sufficient to specify an individual laminar phenotype, although it is possible that SCIP could act combinatorially with other, as yet unknown transcription factors. The pattern of expression is intriguingly reminiscent of the expression of Hox genes within the rhombomeres of the hindbrain. In the hindbrain, the anterior limits of gene expression correspond to rhombomere boundaries and moreover seem to observe a two segment rule. Specific members ofthe Hox 2 cluster are expressed from caudal areas to the posterior boundaries of rhombomeres 8, 6, 4, and 2, thus demarcating every other segment, and Krox-20 is expressed selectively in rhombomeres 3 and 5 (Wilkinson et al., 1989) . Furthermore, pairs of segments contribute to common cranial nerves (e.g., rhombomeres 2 and 3 contribute to the Vth cranial nerve, and 4 and 5 form the VIIth nerve) (Lumsden, 1990) . In the developing cerebral cortex, the expression of SCIP in layer 2/3 and in layer 5 forms a pattern in which every other layer is skipped over: layers 1, 4, and 6 do not express SCIP above background.
Interestingly, the neurons of layers 213 and 5 are interconnected by local axonal circuits: layer 2/3 neurons form axon collaterals within layer 5, and layer 5 cells send reciprocal innervation back up to layer 2/3 (Gilbert, 1983 ; Martin and Whitteridge, 1984; Gilbert and Wiesel, 1985) .
The onset of detectable SCIP expression is delayed relative to the onset of laminar commitment, as revealed by transplantation experiments.
The latter experiments have shown that presumptive deep-layer neurons make a commitment to their normal laminar fates just prior to their final mitotic division, in roughly G2 of the cell cycle (McConnell and Kaznowski, 199 I) . SCIP hybridization is first observed, however, in the intermediate zone, the region where postmitotic neurons are migrating toward the cortical plate. Thus, it seems likely that rather than being involved in the commitment event itself, SCIP expression is correlated with the onset of cell-specific differentiation and migration, although it is possible that SCIP expression is initiated earlier but remains at levels too low to be detected by in situ hybridization.
Whether SCIP is involved directly in the generation of laminar patterning remains to be tested, by either gene knockout or overexpression experiments.
